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The effects of a low-energy charge-exchange process between hydrogenlike ions and neutral hydrogen
on x-ray spectra of He-like argon ions from the Alcator C tokamak are investigated. Dependences of
charge-exchange cross sections on both the principal and angular momentum quantum numbers n and I
are estimated from the observed spectra, taking cascade effects into account with the use of a collisional
radiative model.
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I. INTRODUCTION

X-ray spectral lines associated with He-like ions have
been observed for many tokamak plasmas, and their
emission intensities have been discussed in terms of popu-
lation mechanisms of excited states. In quantitative
analysis of the spectra, ionization, excitation, and recom-
bination processes have been taken into consideration,
but the charge-exchange process has generally been ig-
nored except for the case of neutral-beam injection. Al-
though the infiuence of the charge-exchange process on
the spectra is mentioned in the discussion of some experi-
ments, only a qualitative account is presented. The
charge-exchange process could be important for He-like
spectral lines in relation to the population mechanism fol-
lowing the electron capture into higher energy levels. We
investigate this process using a collisional radiative model
that includes all the possible angular momentum I-state
sublevels up to the principal quantum number n =40 of
the He-like system. We apply this model to the spectra
obtained from Alcator C tokamak plasmas [1—3] and
derive the n-l distribution of charge-exchange cross sec-
tions.

II. X-RAY SPECTRA
FROM THE ALCATOR C TOKAMAK

In this section we summarize the results of the experi-
ments on the Alcator C tokamak [1—3]. Our investiga-
tion described in the subsequent sections is based on these
observations.

Space-resolved x-ray spectra of Ar'+ (He-like) were
observed from Alcator C tokamak plasmas seeded with
Ar gas. In Fig. 1, reproduced from Ref. 1, spectral
lines from n =2 to 1 transitions, w(ls 'S —ls2p'P),
x(ls 'S —ls2p P2), y(ls 'S —ls2p P, ), and
z(ls 'S —ls2s S), are shown for three different lines of
sight through the plasma; these are at the center (a), and
through the points of d=8. 3 (b) and 11.3 cm (c) off from
the center, where d is the shortest distance to the chord
of observation from the plasma axis. The limiter radius
was 16.5 cm. One can see a drastic change in the spectra
from the central chord to the outer ones. The relative in-
tensities of the forbidden line I, and the intercombination
lines I„and I~ to the resonance line intensity I: I, /I,
I„/I~, and I~/I~, increase remarkably towards the outer
chords. This relative enhancement could be accounted
for by an increasing contribution from radiative recom-
bination to the excited-level populations [3] towards the
outer region. The spectrum in Fig. 1(c), however, cannot
be accounted for only by the radiative recombination
process. The observed intensity ratio of I, /(I„+I )

=0.9+0.2, is considerably smaller than the value 1.5 ex-
pected from radiative recombination. A possible inter-
pretation is that a charge-exchange process between
Ar'+ (H like) and hydrogen atoms dominates the popu-
lation of highly excited states, and that the relative
enhancement of the inter combination lines results
through cascades [1].

X-ray spectra of the transitions 1s —1snp with
3~n ~" were also obtained [2]. Figure 2 shows the ob-
served spectra with 7 & n ~ 13 through the three chords
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A. The n -I distribution of the charge-exchange cross section

Abramov, Baryshnikov, and Lisitsa [5] obtained an I
distribution w„& for the charge-exchange process based on
the Landau-Zener theory with a modification including
rotational coupling effects

w„l =(2l+1)[(n —1)!] /[(n +l)!(n —1 —l)!] . (2)

Adjusting the magnitude of the charge-exchange cross
sections, we try to fit the modeled results for line intensi-
ties to the experimental data described in the preceding
section.

The cross section takes its maximum value 7 X 10 ' cm
at around n =9 for H+Ar~+ collisions with q =17 [6].
The l distribution in Eq. (2) for n =9 is shown in Fig. 4
by the dotted-dashed line. The n-l distribution for the
charge-transfer cross section for H+Si~+ collisions was
calculated in Ref. 7 with atomic-orbital basis. Their dis-
tribution for collisions between H-like silicon (Si' +) and
H atoms at 350 eV increases with increasing the l value
similarly to the statistical weight, as shown in Fig. 3 by
dashed lines. A continuous-energy state model is pro-
posed for charge-transfer processes by Koike [8], whose
method is applied to the n-l distribution of the process
given by Eq. (1). The cross section at 350 eV takes its
maximum at around I =3 from his results as indicated in
Fig. 4 by solid lines for n =9 and 10. Three different
theories give quite different distributions. The l distribu-
tion for n =10 of radiative recombination o.„at 100 eV is
shown in the upper part of Fig. 4 for comparison. The l
value that gives the maximum of o „ increases as the elec-
tron energy decreases and as the principal quantum num-
ber n increases, but the value does not exceed l =4. The
points of (A i) and (A ii) in Fig. 4 are the derived values
from the spectra and are discussed in Sec. II C.
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FIG. 4. l distribution of the cross section for the charge
transferred electrons at low energies. Solid lines indicate the
theoretical results by Koike [8] for Ar"+ +H at 0.35 keV/amu,
dashed lines from Fritsch and Tawara [7] for Si"++H at 0.35
keV/amu; dotted-dashed line from Abramov [5] for A"+ +H at
0.5 keV/amu. The derived distributions from the spectra are
shown by open circles for case (A i) and by closed circles for
case (Aii), respectively. The l distribution for the radiative
recombination cross section of n =10 levels is also shown in the
upper part for comparison. I

& o
=N ( Ar '7+

)NH ( 1 ) ( o CE( Is 10p 'P )v ), (3)

The intensity I&o in Fig. 3 is much stronger than those
of I» and I&4, where I„means the line intensity of the
1s -1snp transition. Due to convective transport in the
plasma, a considerable fraction of highly ionized ions
may exist even in the outer regions with the temperature
as low as —300 eV. Ar' + spectra observed from such a
plasma exhibit typical characteristics of recombination
[3,4]. In fact, as seen in Fig. 3, the recombination contin-
uum is detected at wavelengths shorter than 3.0088 A
which is the ionization limit of the 1s state. We assign
the intensity at the I» location as due to radiative recom-
bination. Then we estimate the upper limit of the elec-
tron temperature T, to be about 500 eV from the ob-

0
served intensity ratio of I» /J„„,~ 2. 8 X 10 A, where

J„„, represents the continuum intensity in units of
O

photon s/A. The continuum level is taken from the
short-wavelength edge of the spectrum. The value 500
eV is reasonable for the electron temperature around
r =11 cm. From the intensity of I», the contribution of
radiative recombination to the line intensities, I,o

—I&2,
and I„»5 is estimated. The resulting intensities are
much lower than those observed. On the other hand, the
contribution of electron excitation is estimated to be
negligibly small since the electron temperature is much
lower than the excitation energies.

Thus, the intensity I,o is understood to be dominated
by direct electron capture through charge exchange with
neutral hydrogen. The intensities I,o and J„„,are writ-
ten as
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J„„,=N(Ar' +)N, a„(A,=3A),

where

a„(A, (A) )=3.97 X 10 ' exp

(4) drogen atoms, and N, and NH(1) the densities of the
electron and the neutral hydrogen in the ground state,
respectively. Then the following relation is derived
from the observed value I,o/J„„,di, =s where
dk=1. 79X 10 A:

X(I,—12.4/A. )k '[kT, (keV)] dA,

(photons/A) cm s ' (5)

is the radiative recombination rate coefficient at
0

wavelength A, (in A), T, the electron temperature,
crcE( ls10p 'P ) is the charge-exchange cross section to the
1s10p 'P state, v the velocity of Ar' relative to the hy-

o cz( ls 10p 'P)uNH(1)/N, =5.0X 10 ' cm s ' . (6)

For the values of N, =SX10' cm, NH(l)=10 cm
and u=2. 5X10 cm/s (T;=350 eV), the cross section
rr( ls10p 'P) is estimated to be 1.0X10 ' cm . Assum-
ing the statistical distribution for singlet and triplet
states, we obtain cr(lslOp)=4. 0X10 ' cm which is
consistent with the theoretical value [8] (see Fig. 4). But
this value changes according to the estimate of the densi-
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ties of electron and neutral hydrogen as well as of the ion
temperature. We discuss only the relative values for the
cross section later on.

C. Cascade effect of I distribution
on the spectra with 7 ~ n ~ 12

We now turn to the lines from n =7—9 in Fig. 2(c),
where the electron temperature is estimated to be about
290 eV. The intensities I„—7 9 are also much stronger
than I„&&&, and we assume that this enhancement is attri-
buted to charge-exchange recombination as in the case of
I]o. However in the present case, it is unlikely that these
upper levels are populated entirely by direct capture.
Rather, the fact that the intensity I7 is higher than Iz
strongly suggests some contribution of cascades from
n =10and/or 9.

In Fig. 5 we show the modeled results for spectra in-
cluding charge-exchange recombination for the capture
into the 101 selected state (I = 1,2, . . . ) in order to see the
effect of the l distribution on the spectra. The charge-
exchange recombination rate coeScient is tentatively as-
sumed to be acE=5.2X10 cm s ', which is much
larger than that of the radiative recombination rate by
ten orders of magnitude, in order to see the effect by
charge-exchange recombination. The distribution ratio
of the singlet state to the triplet one is assumed to be

3

according to their statistical weights. For the case that
the electron is captured into the 10s state, the cascade
effect on n =7 and 8 levels is quite large as shown in Fig.
5(a). The contribution by cascades after charge-exchange
recombination is indicated by the hatched regions, and
the region without hatching is the contribution of radia-
tive recombination. Cascades following capture into the
10@state to the lower levels (n ~ 9) is very small, since the

direct radiative transition from 10p to 1s is dominant
[Fig. 5(b)]. For the case of capture into 10d, although the
cascade is not so large as in the case of 10s due to the ra-
diative transitions to the f states, the cascade is very
effective IFig. 5(c)]. Increasing the l values with

f,g, . . . , the cascade effect decreases. For the capture
into the levels with l 4, the cascade contribution is
negligibly small and the line emissions are dominated by
radiative recombination as shown in Fig. 5(e). Figures
5(f) and 5(g) show the modeled results with the distribu-
tion of statistical weight like Ref. 7 and with Eq. (2), re-
spectively. Cascades to the levels n ~9 are very small
compared to the intensity from the transition from n = 10
for both cases. With the electron density of 5X10'
cm, the collisional mixing among l levels can be ig-
nored, although the collisional mixing process is includ-
ed. This effect becomes important for n )20.

We consider two extreme cases; (A) I7 and Is are pro-
duced only by cascades from the n =9 and 10 levels, and
(8) I7 and I8 are produced mainly by direct capture to
the p state.

Case (A): Most of the electrons captured to the 91 or
10l state ffow to lower states (n =1,2, 3, etc.) through
direct radiative transitions and a few percent of electrons
flow to the 7p state to produce I7. Electron capture to
the s states enhances I7 and I8 through cascades most
effectively. This results in strong I, as discussed in the
next section. The electron capture to the levels of larger l
values such as 9f and 9g is not efficient in producing the
resonance series lines I7 and I8. The best candidate to
enhance these lines is charge exchange to s and d states.
We derive the values of the cross section in order to ac-
count for the measured intensities of I7 and I8. The cross
sections relative to that for the 10p state are obtained for
(i) 10s, 9p, and 9s states and (ii) 10d, 9p, and 9d states.

TABLE I. Relative charge-exchange cross sections for Ar' ++H(1)~Ar' +(nl)+H+. The cross
sections are normalized to o.(1s10p ) =4.0X 10 ' cm in the cases of (A ii) and (8 ii).

n=8 n=9

Case (Ai)
6.3
0.95

n =10

6.8
1.1

Total

14.6

Case (Aii)
1.0

21.0
1.0

21.0
44.0

S 2.1

0.2
4.3
0.35

Case (Bi)
4.3
1.2

2. 1

1.1
15.6

d
0.3
2.8

0.35
3.3

Case (Bii)
1.2

11.5
1.0

10.0
33.1
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The resulting cross sections for the s and d states are
larger by a factor of 5 and one order of magnitude, re-
spectively, than that for the 10p state. A part of I9 is as-
cribed to the direct capture to the 9p state through
charge exchange. The relative cross sections thus derived
are summarized as cases (Ai) and (Aii) in Table I, and
the resultant line intensities for I7 —I,o are compared
with the measurement in Fig. 6, where T, =300 eV,
N, =SX10' cm, N(Ar' +)/N(Ar' +)=0.02, and
NH(1)=8X10 cm are assumed. The filled circles and
triangles are the modeled results from the cases of (A i)
and (Aii), respectively, and the measurements are indi-
cated by the crosses. The contribution of radiative
recombination is small compared to charge-exchange
recombination as indicated by open circles in Fig. 6. The
derived cross sections with the parameters mentioned
above are shown in Fig. 4 by circles.

Case (B): The intensities I7 —I» are dominated by
direct capture to np states. The intensity difference be-
tween I7 and I8, however, is to be explained by cascades
from n =9 and 10. The cross sections deduced under this
assumption are listed in Table I for two cases: (i) s and p
states and (ii) p and d states. Modeled results of line in-
tensities for (B) are not shown in Fig. 6 since they are
nearly the same as for (A).

The observed intensities I7 and I8 cannot be repro-
duced by the distribution given by Refs. [5], [7], and [8]
because the cascade contribution to I7 is too small. The
modeled results for line intensities from the distribution

by Koike [8] is shown by open triangles in Fig. 6. The
dominantly populated final state n is given by 2' Z
at low energies which gives n =10 for Z =17. This
value is reasonable for our modeled results. We consider
that the real values lie between cases (A) and (B).

D. Cascade eft'ects on the spectra
for the transitions of n =2 to I

The cascade contribution from the levels of large I
value such as d, f, g states enhances the intensity ratio
(I„+I»)/I„whereas the cascades from the levels of small
l value such as s states reduce this ratio. With increasing
I values, the intensity ratio (I„+I~)/I becomes smaller.
In Fig. 7 modeled intensities of I, I, and I normalized
to I, are shown by solid lines for the cases of charge ex-
change to n = 10 state with only one of the levels of l =0,
1, 2, 3, 4, and 9. The modeled results from radiative
recombination only are indicated by circles for 300 eV.
The observed values are also plotted as the dashed lines
with the electron temperatures [1,3]. The spectra at high
temperatures are from the central region of the plasma
and dominated mainly by electron impact excitation.
The spectra, at lower temperatures below 350 eV, are
considered to consist of the two components due to radia-
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TABLE II. Relative charge-exchange cross sections for Ar' ++H(n;)~Ar' +(nl}+H+ (n; ~ 2 and
n 15). The cross sections are normalized to 0.(1s10p)=4.0X 10 ' cm . Numbers in square brackets
denote powers of 10.

15p
16p
17p
18p
19p
20p
21p
22p
23p

Total

71i 2

4.1[1]
5.7[1]
6.5[1]
6.8[1]
6.8[1]
6.8[1]
6.5[1]
5.7[1]
4.1[1]
5.3[2]

24p
25p
26p
27p
28p
29p
30p
31p

hali
=3

1.4[2]
1.5[2]
1.6[2]
1.8[2]
1.6[2]
1.5[2]
1.4[2]
1.1[2]

1.2[3]

32p
33p
34p
35p
36p
37p
38p
39p
40p

n;=4

1.2[2]
1.3[2]
1.5[2]
1.6[2]
1.6[2]
1.6[2]
1.5[2]
1.3[2]
1.2[2]
1.3[3]

ratios of the hydrogen density in these excited states to
that in the ground state are estimated to be
NH(n;)/NH(1)=0. 0034, 0.0017, and 0.00075 for n, =2, .

3, and 4, respectively, for T, =300 eV and n, =5X10'
cm [10].

Cascade effect of the different l distributions from 181
and 27l states to the lower levels are shown in Fig. 8
for (a) l =0, (b) l =2, (c) l =3, and (d) statistical weight
distribution. Here acE(18l)=1.8X10 and acE(27l)
=6.9 X 10 cm s ' are assumed to see clearly the effect
of the cascades. As we have seen in the preceding sec-
tion, cascades to the lower np states from l ~ 2 states are
very small. For the statistical weight distribution, the
cascade contribution is so small that the peaks of lines
cannot be clearly observed.

Since the observed intensities I]3 and I]4 are con-
sidered to be produced mainly by radiative recombination
as discussed in Sec. IIIB, the contribution of cascades
from higher levels is expected to be small for these lines.
Then for the levels with n 15 we assume that almost all
of the electrons are captured to the l =1 state. Compar-
ison of the modeled spectrum with the observed one is
shown in Fig. 9. The cross sections derived for n ~ 15 are
listed in Table II. These cross sections are roughly ex-
pressed in the form of a Gaussian distribution as
o(np)=ooexp( —[(n no)/b. n] ), where th—e values of
o o are 68o ( 10p ), 180o ( 10p ), and 160o'( 10p ) and the
values of hn are 5, 6, and 8 for no = 19, 27, nd 36, respec-
tively. The populations for the levels of n )27 are redis-
tributed due to l mixing. This effect is taken into account
in our model calculations. The spectral lines in Fig. 9 are
assumed to be emitted mainly at the plasma periphery
near r =13 cm where T, =300 eV, while continuum emis-
sion comes from the inner region where T, =500 eV.
This plasma is considered to be in a low-tempera-
ture recombining phase. The Boltzmann plot
N(n 'P)/[co(n 'P)n, k] for the modeled population densi-
ties with the use of the charge exchange cross sections in
Tables I and II is given in Fig. 10 from n =3 to 40
levels for T, =300 eV, X, =5 X 1'0' cm, and
k =N(Ar' +)/N(Ar' +)=0.02, where N(n 'P) is the
population density and co the statistical weight. The pop-
ulation densities without charge-exchange processes and

those in Saha-Boltzmann equilibrium are also shown by
the dashed line and by the dotted-dashed line, respective-
ly. The population densities would be reached in local
thermodynamic equilibrium at around n =50. Strong
population inversion is seen for the levels between n =8
and 10 as well as between 13 and 27. The population
densities for n ~ 25 exceed those of Saha-Boltzmann equi-
librium.

IV. SUMMARY

Population inversion for n =9, 10, and ~15 states
found from the peripheral region of tokamak plasmas has
been analyzed in terms of the charge exchange process.
We have investigated the effect of cascades through
charge-exchange recombination and derived charge-
exchange cross sections to n-l states for the process Eq.
(1) from the observed spectra. We considered the two ex-
treme cases (A) and (B), and both fitted well to the experi-
ment. We may assume that the actual distribution of the
cross sections would be somewhere between case (A) and
(B). The total cross section for n; =1 is 15o.(10p) in cases
(A i) and (Bi), (33—44)cr(10p) in cases (Aii) and (B ii), re-
spectively. These values are about the same as the
theoretical ones given in Ref. [6] taking the value
o (10p) =4X 10 ' cm . The derived total cross sections
from the spectra for n; =2, 3, and 4 are 2.1X10
4.8X 10 ', and 5.2X 10 ' cm, respectively. This result
indicates a weaker n; dependence than that proportional
to n; [2,9]. The absolute values obtained in the present
paper may be uncertain with an error of a factor of three
depending on the uncertainties in vNH(1)/n, in Eq. (2).

There are few theoretical and experimental studies on
n-l distribution for highly ionized ions, particularly at
low energies. The theoretical distributions [5—8] cannot
reproduce the observed intensities from I7 to I&p as men-
tioned in Sec. III C. The l distribution derived from the
observed spectra appears to take a maximum around the
s or d state for n =9 and 10. Since the maximum value in
the s state of l distribution [(A i) and (B i)] is difficult to be
expected theoretically at low energies, the second case in
which the cross section increases towards the d state
[(Aii) and (Bii)] would be more probable. The strong
dependence on the temperature for the l distribution may
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exist as discussed in Sec. III. The cross sections for the g
state are unknown since the efFect to the np states is
small. The observed spectrum for n ~15 is consistent
with the l distribution having a maximum at the p state.
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